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Defects in mammalian cilia lead to a range of dis-
eases, but our understanding of the composition of
these organelles and of the basal bodies from which
they arise is limited. Two recent studies used compar-
ative genomics to predict the ciliary and basal body
proteomes, providing datasets that are rich sources of
human disease gene candidates.
The eukaryotic cilium arose very early in the evolution
of eukaryotes and has diversified to serve a wide range
of sensory and motile functions. In mammals, defects in
motile cilia lead to respiratory disease and male infertil-
ity. Sensory cilia play key roles in vision and olfaction,
as light and odorant receptors are localized to modified
cilia. Mammals also contain another type of cilia called
primary cilia, which are present on most vertebrate cells
and are also thought to be sensory organelles [1].
Defects in kidney primary cilia lead to polycystic kidney
disease [2] and most of the proteins implicated in this
disorder have been found to be at least partially local-
ized to cilia. Cilia are required for mammalian develop-
ment because ciliary defects cause embryonic lethality
[3], but organisms such as Saccharomyces, Arabidop-
sis, Dictyostelium and the red alga Cyanidioschyzon
have lost their cilia during evolution and presumably
have shed the genes needed to build these organelles
[4] (Figure 1). The availability of genome sequences for
eukaryotes that have either retained cilia or lost cilia
allowed Avidor-Reiss et al. [5] and Li et al. [6] to use a
comparative genomics approach to predict the genes
required to build cilia.
Avidor-Reiss et al.[5] started with Drosophilia and
subtracted all the genes that are shared with the non-
ciliated organisms — Arabidopsis, Dictyostelium and
Saccharomyces — to remove common eukaryotic
genes. They then compared what remained to the
genomes of organisms with various types of cilia and
identified around 200 genes that they predict are
involved in cilia assembly or function. These authors
were particularly interested in compartmentalized
assembly, which is the assembly process that occurs in
a separate compartment from the cell cytoplasm and
requires active transport of the biogenesis molecules
by intraflagellar transport (IFT). Insights into this type of
assembly are important for understanding how verte-
brate photoreceptor rod and cone outer segments and
olfactory outer segments are assembled. 
To identify genes required for compartmentalized
assembly, the authors excluded genes conserved in
Plasmodium, which assembles cilia in the cytoplasm
and then extrudes ciliated male gametes from the cell.
Consistent with the idea that IFT is not important in
cytoplasmic assembly [7], the IFT particle proteins are
not conserved in Plasmodium. By removing the genes
conserved in Plasmodium from their dataset, Avidor-
Reiss et al. [5] were left with 103 genes. This dataset
included known IFT genes, Bardet–Biedl syndrome
genes, and genes encoding other proteins such as ion
channels, signal transduction components, transcrip-
tion factors and metabolic enzymes. To further narrow
the search, they looked for genes with binding sites for
the DAF-19 transcription factor, which regulates the
expression of cilia genes, and for genes that were
poorly represented by ESTs, since cilia are found only
on a few cells in Drosophila. This process reduced the
list to 30 genes. These authors showed that this gene
set is enriched in IFT genes, supporting the idea that
these genes are important for ciliary assembly. They
further showed that many of these genes are expressed
specifically in ciliated neuronal cells and that the
encoded proteins localize to the base of cilia where IFT
particle proteins localize.
Li et al. [6] focused on Chlamydomonas for compar-
ison and retained genes that are conserved between
Chlamydomonas and humans while excluding ones
that are conserved in Arabidopsis. In spite of 1.6 billion
years of evolution, cilia from Chlamydomonas and
mammals show a remarkable degree of conservation.
Most flagellar genes previously identified by biochem-
ical or genetic means in Chlamydomonas are con-
served in humans. The green plant Arabidopsis, which
diverged from the same lineage as Chlamydomonas,
lost its cilia and basal bodies/centrioles after the higher
plants split from the green algae (Figure 1). 
The comparisons between humans, Chlamy-
domonas, and Arabidopsis resulted in a set of 688
genes that the authors named the ‘flagellar and basal
body proteome’ or FABP. The FABP appears to contain
a significant portion of the flagellar genes, as most
known Chlamydomonas flagellar genes are present in
the dataset. Genes expressing structural components
of the Chlamydomonas flagellum are upregulated by
deflagellation. The authors tested 103 genes of the
FABP by real-time PCR and found that 38% were
upregulated by deflagellation, indicating that they are
likely to be flagellar genes. The remaining genes either
represent false positives or encode components of the
basal body. Six of the remaining genes were analyzed
by RNA interference, and the resulting downregulation
of expression of five of these six genes caused flagellar
assembly, motility and cleavage furrow defects consis-
tent with a role in flagella or basal bodies.
The predicted flagellar and basal body proteomes
contain several genes known to cause human disease,
including most of the known Bardet–Biedl syndrome
genes. Bardet–Biedl syndrome is a pleiotrophic disorder
that commonly includes obesity, retinal degeneration,
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kidney defects, polydactyly, hypogonadism, and learn-
ing disabilities [8]. These symptoms are remarkably
similar to the phenotype of the Tg737 mouse [9,10],
which has a ciliary assembly defect due to a mutation in
the gene encoding IFT88 [2]. Thus, it had been pro-
posed that Bardet–Biedl syndrome might be caused by
defects in cilia [11,12]. Indeed, the Bardet–Biedl syn-
drome proteins BBS1 and BBS4 subsequently were
shown to be associated with centrosomes/basal bodies
at the base of cilia in mammalian cells [13,14]. 
BBS4-deficient mice show retinal degeneration and
an inability to form sperm flagella but appear to have
normal motile cilia in the trachea and normal primary cilia
in the kidney [15]. In Caenorhabditis elegans the
Bardet–Biedl proteins localize to the base of cilia and are
also transported along cilia similar to the IFT particle pro-
teins. Worms with mutations in BBS7 and BBS8 have
structural defects in their sensory cilia [16]. While the
results from the two systems are not exactly identical,
both strongly support the idea that the Bardet–Biedl syn-
drome gene products play important roles in assembly
or function of cilia and basal bodies. Since most of the
known Bardet–Biedl syndrome genes were present in
their predicted proteome, Li et al. [6] reasoned that
unidentified Bardet–Biedl genes should be included in
the dataset and scanned the 14 megabase region of the
genome where the BBS5 gene is known to reside. Out of
the 230 predicted genes in this region, two were found
in the predicted FABP and one of these two genes was
mutated in BBS5 patients, validating the approach.
It is obvious that these computational approaches
can predict components of the ciliary proteome but do
they preclude the need for mass-spectrometry-based
proteomic approaches? Clearly the answer is no. The
computational approaches suffer from high rates of
both false positives and false negatives. The false neg-
atives result when the flagellar protein also serves cyto-
plasmic functions. A good example is kinesin-II, which
drives IFT and is required for flagellar assembly. It is
also involved in cytoplasmic transport and is conserved
in non-ciliated organisms. Thus, it is not present in
computationally predicted proteomes. A second source
of false negatives results from the exclusion of gene
families when one member is conserved in non-ciliated
organisms even though other members may serve
strictly ciliary functions. A similar problem results from
shared domains: if a flagellar protein shares a common
motif with a cytoplasmic protein, then the protein will be
missing from the predicted proteome if the degree of
similarity is above the threshold. This exclusion is prob-
ably responsible for the shortage of kinases in the pre-
dicted proteome even though kinases are known to be
important regulators of flagellar motility. 
On the other hand, the datasets are likely to contain
many false positives not involved in cilia or basal body
function. These can result from the loss in non-ciliated
organisms of structures or processes not strictly asso-
ciated with cilia. An example of this is cyclic nucleotide
synthesis. Arabidopsis appears to have evolved unique
methods of synthesis of these molecules compared
with other organisms [17], and so the proteins involved
in these processes are highly represented in predicted
ciliary and basal body proteomes when only Arabidop-
sis is used to remove non-cilia proteins. Sorting out
which of the ~60 cyclases in the predicted proteome
are responsible for generating second messengers in
cilia remains a big task.
The alternative approach to computational methods
is mass spectrometry of proteins derived from purified
organelles. This approach suffers from its own limita-
tions related to purity of the preparation and under-rep-
resentation of low abundance proteins. The recent
publication of a centrosomal proteome determined by
mass spectrometry provides an opportunity to compare
the two approaches. This analysis identified 114 likely
centrosomal components [18] but surprisingly, only
around 10% of these proteins are found in the Li et al.
[6] predicted proteome. Arabidopsis does not have cen-
trioles, but it does share some centrosomal components
with man and Chlamydomonas, and these would be
excluded from the predicted proteome. However, a
bigger problem in trying to predict centrosomal proteins
is that the centrosome is enriched in coiled-coil proteins
that are not well conserved between species and thus
cannot be predicted. 
Another comparison can be made to the Chlamy-
domonas flagellum. We are completing a mass spec-
trometry-based proteomic analysis of this organelle
and have identified >450 flagellar proteins (N.S. Agrin,
G.J.P., J.D. Leszyk, and G.B. Witman, our unpublished
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Figure 1. Cilia in the evolution of model
organisms.
The cilium evolved very early in the devel-
opment of eukaryotes but has been lost
(marked with an X) in multiple lineages
leading to modern model organisms [4].
Most cilia are assembled in a compartment
separate from the cytoplasm via a process
called intraflagellar transport (IFT); however
Plasmodium cilia and Drosophila sperm
flagella are assembled in the cytoplasm by
a process that does not appear to require
IFT. The time of the common ancestor is
shown at selected branch points based on
[19], from which this figure was modified.
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observations). About 25% of these are present in the Li
et al. [6] predicted proteome. About 45% are not con-
served in humans, preventing their prediction.
However, the remaining ~30% are excluded because
they encode components with similarity to cytoplasmic
proteins such as kinases, phosphatases, calcium-
binding proteins, and kinesins, indicating that a large
portion of ciliary proteins are not included in the com-
putationally predicted proteome.
These shortcomings of the comparative approach
notwithstanding, the success of the predicted pro-
teome in identifying the Bardet–Biedl syndrome genes
suggests that this dataset should be useful for detect-
ing additional genes defective in humans with syn-
dromic disorders that involve retinal degeneration,
left–right asymmetry defects, polydactyly, hydro-
cephaly, respiratory disease, and cysts in the kidneys,
liver and pancreas. In addition to the already recog-
nized group of diseases including polycystic kidney
disease, retinitis pigmentosa, Usher syndrome, oral-
facial-digital syndrome, Senior–Loken syndrome, and
primary ciliary dyskinesia, other syndromes like short
rib-polydactyly and Jeune share features and should
also be considered.
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